Sperm displacement has been the subject of a large number of evolutionary studies because of its e¡ects on relative male reproductive success. To understand better the evolutionary role of variation in sperm displacement ability (SDA), an obvious aim is to measure its heritability. In this paper, we show that a standard method used to measure the heritability of SDA can be misleading. First, we show that using conventional methods (based on counts of adult o¡spring of multiply mated females), SDA appears to be heritable. However, an examination of potentially confounding variables strongly suggests that this result is misleading, and that the heritable component is more likely to be pre-adult viability. Consequently, it is likely that there is little measurable heritable genetic variation for SDA in D. melanogaster. We conclude that, although conventional methods of measuring sperm displacement will usually be adequate for phenotypic measurements, greater care must be taken when measuring genetic variances.
I N T RO DUC T ION
Any trait that contributes to male reproductive success has the potential to be of great evolutionary signi¢-cance. If intraspeci¢c variation exists for the trait, then that variation may in£uence the evolutionary outcome. However, such a role requires that the trait be heritable. Sperm displacement in D. melanogaster is an example of this kind of trait. It has a large e¡ect on relative male reproductive success (Parker 1970; Prout & Bundgaard 1977; Marks et al. 1988; Scott & Williams 1993; Van Vianen & Bijlsma 1993) and strains vary in their ability to displace sperm (Lefevre & Jonsson 1962; Boorman & Parker 1976; Prout & Bundgaard 1977; Clark et al. 1995) . Accordingly, an estimate of the heritability of sperm displacement ability (SDA) is of considerable interest, but has not previously been made. In the experiments described in this paper, we show that the usual method of measuring SDA in D. melanogaster may give misleading heritability measurements. Speci¢cally, we show that SDA varies between males in a repeatable manner, and that this variation appears to be heritable. However, the heritable component is more likely to be in pre-adult viability than in the ability to displace sperm. This confounding of traits arises as a consequence of the method by which SDA was measured. Our results show that variation in pre-adult viability cannot be ignored in heritability measurements, and sound a cautionary note for future attempts to measure the genetic components of male reproductive success.
The method of measuring sperm displacement employed in most studies centres on counts of adult progeny produced after multiple matings. Females are mated sequentially to two males, and all adult o¡spring subsequently produced are scored. Markers are used to di¡erentiate the progeny of the di¡erent males. The degree of sperm displacement is calculated from the proportion of the progeny sired by the second male (usually represented by the P2 statistic; Boorman & Parker 1976 ). This calculation assumes that the ratio of adult progeny is an accurate re£ection of the ratio of sperm from di¡erent males stored in the female after remating. For the purposes of simple quantitative measurements of sperm displacement, this assumption will usually be valid (e.g. Peacock & Erickson 1965) . However, in measuring other aspects of sperm displacement, particularly genetic variances, more precise measurements are required. Factors that may have only marginal e¡ects on gross measurements can become important. In addition to variation in the SDA of the second male, the number of adult progeny will also be a¡ected by variation in other traits (e.g. preadult viability) and variables (e.g. the number of ¢rst male sperm in storage immediately prior to remating). The e¡ects of some of these confounding variables can be minimized by either appropriate randomization (e.g. of genotypes of females and ¢rst males) or experimental design (e.g. control of remating interval, avoidance of multiple rematings). However, some traits are di¤cult to control, such as variation in pre-adult viability of second male o¡spring, variation in second male fertility (including di¡erences between stored sperm in the ability to achieve fertilizations, i.e. direct sperm competitive ability) and preferential use of sperm by females (Parker 1992) . Therefore, in the present experiments, the measurement of the heritability of SDA was accompanied by measurements, in the same stocks, of potentially confounding variables. We measured the correlations between SDA and pre-adult viability, male productivity, mating success, mating speed, male size and female productivity. Our results indicate that the use of adult progeny as a measure of SDA can be seriously misleading if the aim is to demonstrate additive genetic variation for SDA.
. M AT E R I A L S A N D M ET H OD S
All wild-type £ies used in this experiment were from an outbred`Dahomey' stock, described in Chapman et al. (1994) . A sepia (se) stock was constructed by backcrossing an se stock to the Dahomey stock en masse for four generations. Both stocks were maintained as cage stocks for one year before the experiments. Unless otherwise stated, all experimental £ies were reared at a standard density of 60 larvae per vial, each vial containing 7 ml of standard cornmeal^yeast^agar medium, and collected by immobilization over ice within 8 h of eclosion. Virginity was checked by inspecting storage vials for larvae. All transfers of £ies were performed by aspiration.
The procedure used for rematings in both repeatability and heritability experiments was as follows. Groups of 25 three-day-old virgin se females were placed with 27 virgin se males in bottles containing 50 ml of yeasted food. After 7 h, the males were removed from the bottles and the females allowed to oviposit for a further 42 h (50 h in the ¢rst repeatability experiment). The mated se females were then paired with single three-day-old wild-type males in yeasted vials. The vials were scanned for rematings every 10^14 min for up to 10 h and the times of all rematings recorded. Females that remated were removed within 1^2 h of remating and placed in fresh yeasted vials. Females that remated twice were discarded. Any females producing fewer than ten o¡spring were excluded a priori from the analysis in order to reduce the sampling variance.
To estimate the repeatability of SDA, each experimental wild-type male was given remating opportunities on three consecutive days, with new, mated se/se females being used each day. This interval is more than su¤cient to allow replenishment of the male ejaculate (Harshman & Prout 1994) . Post-remating progeny were scored for paternity and SDA was calculated (as described below). The repeatability of SDA for each male was then calculated (Becker 1992) . In the ¢rst repeatability experiment, females were tipped over into new vials after three days and left in the second vial for a further three days. Progeny from both vials were scored for paternity. In all other experiments, progeny from only one vial per female were scored. In the two repeatability experiments, a total of 2619 rematings were observed and 255 322 progeny scored.
The heritability of SDA was estimated from a parent^o¡-spring regression analysis. Males in each generation were given remating opportunities on three consecutive days. SDA was calculated for each remating and averaged over all measurements for each male. The second generation of males was raised by mating parental males to randomly chosen Dahomey virgin females. Mated females were allowed to lay in a fresh vial for 18 h, resulting in o¡spring generation males being raised at a low but variable density. In the heritability experiment, a total of 2863 rematings were observed and 183 365 progeny were scored.
Sperm displacement is usually measured in terms of the P2 statistic (Boorman & Parker 1976) . Since angular transformed P2 is rarely normally distributed, we substituted P2 with the adjusted ratio of second to ¢rst male progeny, a (b 1), where a is the second male progeny and b is the ¢rst male progeny (Haldane 1956; Hughes 1997) . In this paper, the ¢fth root of the ratio was used as it provides a normally distributed measure of sperm displacement (Shapiro^Wilk W-test). We refer to this quantity as SDA in order to avoid confusion with the P2 statistic. Calculations of heritability and con¢dence intervals followed Becker (1992) .
Pre-adult viability was measured in separate experiments. After measuring the SDA of wild-type males (as in the heritability experiment), each male was placed with ¢ve virgin se females. From the o¡spring of each male, 50 ¢rst instar larvae (all se/ ) were collected and placed in a fresh vial along with 50 ¢rst instar larvae reared from eggs collected directly from the se stock cage (i.e. se/se larvae). All emerging adults were scored for genotype. The relative pre-adult viability was calculated as a/(b 1) where a is the number of se/ adults and b is the number of se/se adults. The genotypes present in each vial (se/se and se/ ) and the total density (100 larvae per vial) were similar to those of the vials scored in the repeatability and heritability experiments. However, the pre-adult viability vials contained a random sample of se/se genotypes, whereas in the repeatability and heritability experiments the se/se larvae were full sibs. Repeatability of the pre-adult viability of each male's o¡spring was calculated from up to three independent measurements to determine whether the variation observed in this trait might simply be due to sampling di¡erences between the groups of females.
Male productivity (gross numbers of o¡spring sired) was measured for males of the parental generation of the heritability experiment. Two days after the last rematings, males were consecutively mated to three wild-type virgin females over two days. All matings were observed to ensure single copulations. Three-day progeny counts were made from each mated female and averaged across females to estimate the productivity of each male.
Female productivity was estimated for the females used in the ¢rst repeatability experiment. The number of progeny produced before remating was used as an index of female productivity. This quantity was chosen since it is independent of the e¡ects of the second male. There is a high correlation between progeny production by females before and after remating (n 1255, r 0.44, p50.0001). During the 50 h period before remating, almost all eggs laid are fertile (Gilchrist & Partridge 1995) . Male size was estimated by measuring the wing area as described in James et al. (1995) . Each wing was measured between three and ¢ve times.
All analyses were performed using JMP statistical package version 3.1 for the Macintosh (SAS 1994).
R E SU LT S
Low but signi¢cant repeatability of SDA was found in both experiments (table 1). Despite the di¡ering intervals before remating, the estimates from both experiments were similar, demonstrating that SDA is a repeatable trait of individual males.
In the heritability experiment, the mean SDA of the parental and o¡spring generations di¡ered (transformed values of 1.73 and 1.65, respectively, t 3.60, p50.001), but the variances of the two generations were not signi¢cantly di¡erent (0.134 (parental) and 0.127 (o¡spring), F 592,571 1.047 n.s.). The average number of rematings per male was 2.49 (parental) and 2.48 (o¡-spring).
The parent^o¡spring regression for the SDA of 556 father^son pairs is shown in ¢gure 1. The narrow sense heritability, h 2 , calculated as twice the regression coe¤-cient, was 0.21 AE0.08 (s.e.). This represents the heritability of approximately 2.5 measurements of the SDA of individual males. Since heritabilities based on multiple records are overestimates, a correction is necessary (Becker 1992) . The correction factor is ma1 (m À 1)R where m is the number of records and R is the repeatability. For m 2.5 and R 0.13, the correction factor is 2.1. Thus the heritability of a single measurement of SDA can be summarized as 0.10 AE 0.08.
The coe¤cients of additive genetic variation (CV A ) and residual variation (CV R ) were also calculated (Charlesworth 1984; Houle 1992) . Since the untransformed data were extremely skewed, the coe¤cients were calculated on transformed data. The coe¤cients were CV A 6.7%, CV R 20.2% (parental generation), and CV A 6.8%, CV R 20.4% (o¡spring generation).
The mean value for relative pre-adult viability was 1.14, indicating that the se/+ larvae had a higher mean viability than the se/se larvae. The correlation with SDA was signi¢cant (Spearman's coe¤cient, r s 0.14, p 0.03), indicating that males that had a higher SDA also produced o¡spring with a higher viability in a mildly competitive environment. The repeatability of pre-adult viability of o¡spring was calculated for each wild-type male with two or more measurements (Donner & Koval, 1980) and was signi¢cantly greater than zero: R 0.16 AE 0.08. This ¢gure represents an upper limit for the heritability of the sire component of preadult viability as measured by the methods used in this experiment.
Male productivity was estimated for 526 individuals. Each male was mated to an average of 2.7 virgin females. The correlation between male productivity and SDA was marginally non-signi¢cant (r 0.085, p40.06).
The distribution of mating success (in terms of one, two, or three matings over the three days) in both the repeatability and heritability experiments did not di¡er signi¢cantly from the binomial expectation. Also, the mean SDA did not vary between males according to their mating success. Average remating speed was also calculated for each male from records of the time between pairing and copulation. There was no correlation with SDA in any generation (largest r s 0.052, p40.23). It should be noted that all rematings occurred under non-competitive conditions and that correlations measured in competitive situations may di¡er. No signi¢cant correlation between wing size and SDA was found for 428 males reared at a controlled density (r 0.021, p 0.67).
The correlations between female productivity (i.e. the number of pre-remating progeny) and the subsequent degree of sperm displacement was calculated separately for females remated on di¡erent days. Two out of the three correlations were highly signi¢cant (day 1, r s 0.15, p50.005; day 2, r s 0.005, p40.92; day 3, r s 0.13, p50.007). Combining probabilities (Sokal & Rohlf 1995) gives 1 2 21.7, p50.015, indicating a signi¢cant negative correlation between female productivity and SDA.
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. DI S C U S S IO N
We have shown that SDA, as measured by conventional methods, is a repeatable trait in individual males and that it has a low but signi¢cant heritability. The two traits that were found to correlate with SDA were pre-adult viability of o¡spring, which showed a positive correlation, and female productivity, which was negatively correlated with SDA.
An important feature of our results is the correlation we observed between SDA and pre-adult viability. This correlation suggests that the apparent heritability of SDA, calculated from progeny counts, may actually be caused by heritable di¡erences in pre-adult viability, rather than by heritable di¡erences in the true SDA. This conclusion is based on three related observations. First, variation in both traits a¡ects the relative numbers of adult o¡spring of each male. Secondly, both traits have been shown to be heritable (for heritability of larval viability see Garcia et al. (1994) ; the sire component of pre-adult viability was shown to be a repeatable trait in our experiments). Thirdly, the correlation between the traits must have consisted mainly of additive genetic e¡ects because the genetic variance among sires for both traits must have been largely additive. For SDA, the small di¡erence between the heritability and repeatability measures indicated the presence of little non-additive variance. For pre-adult viability, di¡erences between sires would also have been mainly additive because the trait was measured across a number of females. Furthermore, there was no environmental correlation because the traits were measured separately. Therefore, on the basis that additive genetic correlations between traits suggest a common genetic basis, and on the presumption that SDA and pre-adult viability seem unlikely to share many additive genes, we conclude instead that the apparent heritability of SDA measured in our experiments may simply be due to heritable di¡erences in pre-adult viability.
If the apparent heritability of SDA is in fact due to the heritability of pre-adult viability, then the additive genetic correlation between SDA (as measured) and pre-adult viability should approach one. Assuming the additive genetic correlation between the two traits is one, it is possible to calculate the expected phenotypic correlation, r p , using the following expression:
where r a is the additive genetic correlation, r e the environmental correlation (including non-additive e¡ects), h h p 2 of the indicated trait (V pre-adult viability) and e ( p 1 À h 2 ). Assuming the h 2 for both traits is 0.1, r a 1 and r e 0, then the expected phenotypic correlation would be 0.1. This value is comparable to the phenotypic correlation observed in our experiments, and is consistent with, but does not prove, that the apparent heritability of SDA is due to heritable di¡erences in pre-adult viability. The direct estimation of r a would require extremely large experiments due to the large standard errors associated with its estimation. If the heritable variation of SDA calculated from progeny counts is due to heritable di¡erences in preadult viability, then the heritability of true SDA is probably very low. This is consistent with an earlier genetic investigation of SDA by Clark et al. (1995) . They found no association between accessory gland allelic variation and SDA, which would be expected if heritable variation were largely due to viability rather than SDA di¡erences. Low additive genetic variance for true SDA would indicate that natural selection for this trait is intense and there is little capacity to respond to selection.
An alternative explanation for the correlation between SDA and pre-adult viability is that females preferentially store or use for fertilization the sperm of males with higher pre-adult viability. It has been suggested that some reptiles preferentially use the sperm of less related males (e.g. Olsson et al. 1996) , while in the moth Utetheisa ornatrix, it has been suggested that females prevent migration of sperm from the spermatophores of smaller males to the spermathecae (LaMunyon & Eisner 1993) . This explanation would require female D. melanogaster to be able to assess preadult viability from traits of the male or his sperm. Females may assess sperm quality before mating via correlations between pre-adult viability and other traits such as mating success or mating ability. In the absence of any relevant correlations in our data and no reported evidence of post-copulatory sperm selection in D. melanogaster, preferential sperm use by females seems a less likely explanation of the present results.
Other sources of heritable variation in SDA are possible, but these do not explain the correlation between SDA and pre-adult viability. First, second males may vary in sperm production, which could vary their ability to dilute or displace ¢rst male sperm with their own sperm. While the marginally non-signi¢cant correlation between male productivity suggests a possible role of sperm number in SDA, the additive genetic variance for male productivity would be expected to be very low, as con¢rmed by Hughes (1995) . A second possible explanation for heritable variation in SDA is the nonsperm components of the male ejaculate. Although Clark et al. (1995) found no correlations between SDA and seven accessory gland protein alleles, it remains possible that heritable variation in SDA is due to allelic variation of other accessory gland products, as there are at least 85 accessory gland proteins in total (Chen 1996) .
The negative correlation between female productivity and the degree of sperm displacement was unexpected. A priori, females with higher fecundity might be expected to use stored sperm faster, leaving less sperm to be displaced by the second males. This would result in a positive correlation. A possible explanation of the negative correlation is that larger females, although they produce more progeny (Robertson 1957) , may initially store more ¢rst male sperm, or their remaining sperm may be more di¤cult to displace.
Our results indicate that the accurate measurement of the genetic parameters of true SDA requires direct estimates of sperm numbers or zygotic paternity. Without control of variation in pre-adult viability, progeny counts may be a biased representation of relative numbers of stored sperm. The confounding e¡ect of heritable di¡erences in pre-adult viability may also be important in the measurement of other traits which utilize adult progeny counts, such as studies of direct sperm competition and female sperm selection.
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